Abstract. This paper reports the wettability transition of plasma-treated polystyrene (PS) micro/nano pillars-aligned patterns. The micro/nano pillars were prepared using hot embossing on silicon microporous template and alumina nanoporous template, which were fabricated by ultraviolet (UV) lithography and inductive coupled plasma (ICP) etching, and two-step anodic oxidation, respectively. The results indicate that the combination of micro/nano patterning and plasma irradiation can easily regulate wettabilities of PS surfaces, i.e. from hydrophilicity to hydrophobicity, or from hydrophobicity to superhydrophilicity. During the wettability transition from hydrophobicity to hydrophilicity there is only mild hydrophilicity loss. After plasma irradiation, moreover, the wettability of PS micro/nano pillars-aligned patterns is more stable than that of flat PS surfaces. The observed wettability transition and wettability stability of PS micro/nano pillars-aligned patterns are new phenomena, which may have potential in creating programmable functional polymer surfaces.
Introduction
Controlling the wettability of a surface has gained huge attention because wettability (hydrophobic, amphiphobic, and hydrophilic etc.) play a crucial role in many natural and industrial applications, e.g. self-cleaning, water repellency, superhydrophobic coatings, intelligent textiles, infection of medical polymers and particle attraction in deoxyribonucleic acid (DNA) purification [1] [2] [3] [4] [5] [6] . A surface is hydrophilic when the water contact angle (CA) is lower than 90° and even considered as superhydrophilic when its CA is below 5°. On the other hand, the surface is hydrophobic when its CA is greater than 90°. Moreover, the surface becomes superhydrophobic when its CA is above 150°. Generally, the wettability of a solid surface is mainly caused by the chemical composition and structure asperities, which depend on surface energy and geometric structure [7] . To obtain hydrophobic polymer surfaces, coating with low surface energy materials such as fluoroalkylsilane can be helpful [8] [9] [10] [11] [12] . On the other hand, geometric structures including rough structures and regular micro/nano patterns are also crucial [13, 14] . To obtain polymer regular micro/ nano geometric surfaces, various nanoprocessing approaches can be employed, including nanoporous template wetting [15] , capillary lithography [16] , nanoimprint lithography [17] , microstereolithography [18] , template rolling press [19] , and water spreading of carbon nanotubes [20] . A number of theoretical and experimental studies indicated that polymer aligned nanopillar arrays or carbon nanotube arrays could exhibit hydrophobic or surperhydrophobic feature [21] [22] [23] [24] . As important as enhancing hydrophobicity of polymer surfaces, controlling hydrophilicity of polymer surfaces is also an interesting issue because most polymers are hydrophobic in nature that makes them unsuitable for important biomedical and industrial applications [25] . Several surface modification techniques have been developed in order to induce polymer hydrophilic surfaces and to preserve desirable bulk properties at the same time. Wet chemical processing, plasma treatment (glow discharge, corona, and flame), and radiation treatment (ultraviolet irradiation and laser treatment) are the main surface modification techniques employed [26] . In particular, plasma treatment of polymeric materials has become one of the most important methods to enhance wettability, printability, and adhesion without affecting bulk material feature [27, 28] . However the hydrophilicity is often lost when the plasma treated surface is exposed to air again. So, one challenge lies in how to produce superhydrophilic surfaces without hydrophilicity loss or with low hydrophilicity loss during the exposure to air. In this paper, we report the wettability transition behavior of plasma-treated polystyrene (PS) micro/nano pillars-aligned patterns. The interesting phenomena are that the combination of micro/nano patterning and plasma irradiation can easily regulate PS surfaces' wettabilities, i.e. from hydrophilicity to hydrophobicity, or from hydrophobicity to superhydrophilicity. When wettability transition from hydrophobicity to hydrophilicity occurs, there is only mild hydrophilicity loss. After plasma irradiation, moreover, the wettability of PS micro/nano pillars-aligned patterns is more stable than that of flat PS surfaces fixed with other processing conditions.
2. Experimental 2.1. Materials PS was purchased from Sigma-Aldrich Co. (430102, average M w~1 92 000, Germany). Micro porous silicon templates with pore diameters of 5, 10 and 20 µm were fabricated using ultraviolet (UV) lithography and subsequent inductive coupled plasma (ICP) etching in our laboratory. Nano porous anodic alumina (PAA) template with average pore diameters of 250 nm was purchased directly (Anodisc 13, Whatman International Ltd, Maidstone, UK). It is through-hole, freestanding disk with channel length of about 50 µm. PAA template with pore diameters of 100 nm was prepared by us [29] . Analytic grade chemical reagents including NaOH, ethanol and deionized water were purchased from Alfa Aesar China Co. Ltd (Tianjin, China).
Preparation of micro porous silicon template
To fabricate micro porous silicon template, the combined process of UV lithography and ICP etching were employed [30] . Firstly, the silicon wafer was spin coated using photoresist (BP212) and softly baked under 110°C for 1 min on a Spin Coater (CEE model 100CB, Brewer Science Co., USA). Then UV lithography processing was conducted with a deep UV Mask aligner (MA6, Suss Co., Germany). Then the designed micro porous silicon templates (5, 10, 20 µm) were obtained on the ICP machine (Multiplex Systems ASE, STS Co., UK).
Preparation of PS micropatterns and nanopatterns
The PS micro/nano pillars-aligned patterns were prepared using hot embossing. PS film with a thickness of 1.5 mm was put on the top of micro porous silicon template or nano porous anodic alumina template. After the machine mould cavity is closed, the temperature was raised to 130°C. Then a pressure of 0.3 MPa was applied through a hydraulic press to compress PS film and micro porous silicon template or nano porous anodic alumina template for 10 min, which allowed the PS melt to infiltrate into the pores of templates. Then, the moulds were cooled to around 80°C and the formed PS micropillars-aligned pattern was separated from micro porous silicon template by machine tension method. For the porous anodic alumina template, the formed PS nanopillars-aligned pattern were released by removing the template in NaOH solutions and rinsed thoroughly with deionized water and ethanol.
The samples were dried in an oven at 30°C for 2 days (0.02 MPa).
Plasma treatment of PS micro/nano pillars-aligned patterns
The PS micro/nano pillars-aligned patterns and PS original surface were treated using an air plasma instrument (PDC-32G, Harrick Plasma, USA). The input power is 100 W (220 V) and a maximum of 18 W is applied to the RF coil with no RF emission. The frequency is 50 Hz. The vacuum of 20 Pa was employed during the whole irradiation process. The distance from the sample to the top of chamber (7.62 cm diameter) is about 3.8 cm. Plasma irradiation time for all the specimens was set at 90 seconds. As comparison, the PS coating on silicon wafer was also prepared with its tetrahydrofuran solution (0.5 g/ml) on a Spin Coater (CEE model 100CB, Brewer Science Co., USA). The sample was dry in the oven at 30°C for 2 days (0.02 MPa). The plasma irradiation process is same as micro/ nano pillars-aligned patterns.
Characterization and measurement
Micro porous silicon template, nano PAA template and the as-prepared PS micro/nano pillars-aligned patterns were characterized using scanning electron microscopy (SEM, Leica Stereoscan 440, Leica Co., Germany) and field-emission scanning electron microscopy (FE-SEM, JEOL JSM-6335F, JEOL Ltd., Japan). All samples were coated with 5 nm Au before measurements. Water static CA was measured using a contact angle goniometer (Model 250-F1, Rame-hart Instrument Co., USA) at ambient temperature. A drop of ion-exchanged water (3 µl) was placed on the asprepared surface using microsyringe appurtenance, then a photograph was taken with drop image 3. Results and discussion 3.1. PS micro/nano pillars-aligned patterns The microporous silicon templates were fabricated by combined process of UV lithography and ICP etching [30] , and the nanoporous anodic alumina templates were prepared by the so-called two-step anodic oxidation [31, 32] . Their SEM top-view images are presented in Figure 1 . In addition, the SEM cross-section images of a microporous silicon template and nanoporous anodic alumina template are shown in Figure 2 .
The regular micropores with diameters of 5, 10 and 20 µm were well prepared using the combined process of UV lithography and ICP etching. The diameters of micropores are uniform with the interval space of 3, 6 and 12 µm, respectively. The depth of all the micropores is about 20 µm from its crosssection image (Figure 2a ). For anodic alumina templates, average diameters of nanoporous are 100 and 250 nm, respectively. And their depth of the two templates is about 50 µm from the SEM crosssection observation (Figure 2b ). Employing these inorganic templates with high surface energy, the wetting and infiltration of PS melts into micro-/nanopores can be accomplished, which are driven by capillary force due to the high surface energy of silicon and alumina [35, 36] . When PS melts shrink after cooling to ambient temperature and templates are removed with mechanical demoulding method and NaOH solution, respectively. The generated PS one-dimensional micro/ nano pillars are aligned on the residual PS bulk substrate resulting in the formation of PS micro/nano pillars-aligned patterns as shown in Figure 3 . The diameter of micropillars is nearly equal to the diameter of template employed. The height of micropillars from 10 and 20 µm silicon templates is about 20 µm as similar with their depth. However, due to the damage during the mechanical demoulding (Figure 3b ), the height of micropillars from 5 µm silicon template is only about 5 µm, so the aspect ratio is equal to that of micropillars from 20 µm silicon template. On the other hand, the diameter of nanopillars with height of about 45 µm ( Figure 3e ) is a little smaller than the diameter of template employed because the enhanced shrinkage effect on nanoscale after cooling from PS melts.
Wettability transition from hydrophilicity to hydrophobicity of PS micro/nano pillars-aligned patterns
To demonstrate the wettability transition behavior after the micro/nano patterning process and plasma irradiation, the static water CAs of the PS micro/ nano pillars-aligned patterns are presented in Figure 4 , where the corresponding water droplet shapes are enclosed. When the PS surface is patterned with aligned micropillars with diameters of 5, 10 and 20 µm, the static water CAs without plasma treatment are
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Figure 2. SEM images of micro and nano porous templates, (a) cross-section of silicon template with pore diameter ofenhanced from 76° (PS original surface) to 101° that exhibits hydrophobicity. Similarly, when PS surface pattern is formed by the aligned nanopillars with diameter of 100 or 250 nm, the static water CAs are increased to 130° that exhibits high hydrophobicity. In a wide scale of pillar diameters from nano to micro, the wettabilities of PS micro/nano pillarsaligned patterns are changed from hydrophilicity to hydrophobicity after micro/nano patterning process. It is not surprizing because the PS surfaces are turned to be compounded rough surfaces consisting of micro/nano pillars and air [37, 38] . It is well known that the relationship between a compounded rough surface (θ c ) and the equilibrium contact angle on a flat surface (θ e ) can be described as the Cassie's equation (no-wetted state) [39] (Equation (1)):
( 1) where Φ s is the solid-liquid contact (or solid) fraction of the surface. Compared with flat surface, the PS micro/nano pillars-aligned patterns possess the greater contact area fraction of water droplet and air on the tip of pillars and their interval on patterns, so the hydrophobicity phenomena are observed.
Wettability transition from hydrophobicity to hydrophilicity of PS micro/nano pillars-aligned patterns with plasma irradiation
The wettability transition from hydrophilicity to hydrophobicity of PS micro/nano pillars-aligned patterns mentioned above is not surprizing, which can be also observed on the other polymer nanopatterned surfaces, such as the polyethylene nanopatterns or self-assembled fluorosilanated monolayer structures [29, 39] . However, after only 90 seconds air plasma irradiation (200 Pa), the interesting sharp transition from hydrophobicity to hydrophilicity of PS micro/nano pillars-aligned patterns was observed as presented in Figure 4 . After plasma irradiation, the PS original surface with weak hydrophilicity (CA of 76°) was transformed into a hydrophilic surface with CA of 15°. The PS coating on silicon wafer also show the similar transition (from 78 to 17°). However, the PS micro/nano pillars-aligned patterns were directly transformed from hydrophobic (CA of 101 and 130°, respectively) to superhydrophilic (CA less than 5°). That is, the PS micro/nano pillars-aligned patterns present sharp wettability transition from hydrophobicity to superhydrophilicity (from 130°t o less than 5°) compared with the flat PS surface (from 76 to 15°). For PS surface with CA of 76°, a rough surface of micro/nano pillars-aligned patterns may make it hydrophobic according to Cassie state (no-wetted state). It is well known that plasma irradiation change the chemical composition of PS surface [40] [41] [42] to lead to a slow chain scission with hydroxyl group, carboxyl group, are discussed in references in detail [26, 43, 44] . If PS surface or coating was treated using air plasma irradiation, the hydrophilic surface with CA of 15° was obtained. It indicates the water can wet PS surface according the Wenzel state (wet state). Under this condition, the water drop can diffuse along the contact surface on the tip of pillars and their interval on patterns during the static CA measurement. Compared with the PS original flat surface or coating, the high surface ratio of PS micro/nano pillars-aligned patterns enhance the diffuse effect thus resulting in the sharp transition from hydrophobicity to hydrophilicity. That is, the integrated effects of surface natural wettability and structure asperities lead to sharp transition from hydrophobicity to hydrophilicity of micro/nano pillars-aligned patterns with plasma irradiation.
Wettability stabilities of PS micro/nano pillars-aligned patterns after plasma irradiation
When plasma treated micro/nano pillars-aligned patterns are exposed to air, the wettability stability and durability of hydrophilicity is an important Figure 6 and Figure 7 , respectively. After being exposed to air for 2 days, the plasma treated PS micro/nano pillars-aligned patterns still exhibit obvious hydrophilicity (15-32°), while, the plasma treated PS flat surface recovers to CA of 45°. The recovery process in Figure 6 and 7 demonstrates that the hydrophilicity of micro/nano pillarsaligned patterns is more stable than that of PS flat surface no matter in 200 min recovery (short term) or in 2 days recovery (long term) after plasma irradiation. Because that chemistry change has time dependence, the hydrophilic polymer surface obtained using plasma irradiation can usually be recovered to its original wettabilty state to some degree just like the PS flat surface recovery. But for micro/nano pillars-aligned patterns with high surface ratio, the recovery is obvious lagging due to the dynamic contact angle hysteresis phenomena [39] . On the other hand, the recovery also demonstrates a little difference between micro and nano pillars- aligned patterns. After plasma irradiation, the nano pillars-aligned patterns keep on superhydrophilic state for 10 min, then CA is increased to 15° within 10 min. Comparatively, the micro pillars-aligned patterns keep on superhydrophilic state for 30 to 60 min. The CA of micro pillars-aligned patterns is below that of nano pillars-aligned patterns within the first 200 min. On the other hand, the recovery of the micro pillars-aligned patterns continue even after 2 days, while, the recovery for the nano pillars-aligned patterns turns weak after 230 min. After 230 min, the CA of the micro pillars-aligned patterns slowly exceeded that of nano pillarsaligned patterns. Since the nano pillars-aligned patterns possess higher high surface ratio than micro pillars-aligned patterns, nano pillars-aligned patterns exhibit higher stability in the long run than micro pillars-aligned patterns. The differences in the CA stability profiles between micro/nano pillars-aligned patterns and flat original surface are not only interesting, but also useful in providing new possible methods for creating programmable surfaces for particle capture and releasing in drug delivery and DNA analysis.
Conclusions
PS micro/nano pillars-aligned patterns were prepared using hot embossing on silicon microporous template and alumina nanoporous template. The combination of micro/nano patterning and plasma irradiation can easily regulate wettabilities of PS surfaces, i.e. from hydrophilicity to hydrophobicity, or from hydrophobicity to superhydrophilicity. When the wettability transition from hydrophobicity to hydrophilicity occurs, there is only mild hydrophilicity loss. And the hydrophilicity of PS micro/nano pillars-aligned patterns is more stable in 200 min and 2 days recovery than that of PS flat surfaces after plasma irradiation.
